Background/Aims: Pancreatic cancer remains one of the deadliest human malignancies, the lethality of which may be attributed to the presence of pancreatic cancer stem cells (PCSCs), a small subpopulation of cells existing within pancreatic tumor with high carcinogenesis. Therefore, it is crucial to establish an efficient enrichment and culture system of PCSCs and identify the key genes involved in the regulation of PCSCs. The three-dimensional (3D) liquid suspension mammosphere culture system has been established for enrichment and culture of PCSCs in vitro as the cell spheres are likely to originate from individual cell clone, but it has been challenged because the cell spheroids could be a result of cell aggregation. Methods: We optimized the existing culture system by adding methylcellulose to create a 3D semi-solid system which prevented the non-specific aggregation. Then we identified the CSC properties of Panc-1 spheroid cells cultured by this system by detecting the genes associated with stemness and by evaluation of the tumorigenicity in vitro and in vivo through invasion, migration and xenograft experiments methods. Subsequently, we performed highthroughput sequencing (HTS) of the Panc-1 spheroid cells. Results: We confirmed the PCSCs properties and high malignancy of the Panc-1 spheroid cells enriched by our novel 3D semisolid system both in vitro and in vivo. Hundreds of mRNA, microRNA (miRNA) and dozens of long non-coding RNA (LncRNA) were identified to be differentially regulated in PCSCs-like Panc-1 spheroid cells compared with their parental cells by HTS. Conclusions: Our results demonstrate an efficient enrichment and culture system for Panc-1 spheroid cells with the PCSCs properties. The differentially expressed genes and their targets identified by the HTS of the Panc-1 spheroid cells can serve as new potential biomarkers for pancreatic cancer diagnosis and targeted therapy.
Introduction
Pancreatic cancer is a highly lethal disease with a 5-year survival rate from less than 6%. The prognosis of pancreatic cancer patients remains poor due to its late diagnosis, silent nature, low surgical resectability rates, and resistance to standard chemotherapy and radiation [1] . Currently, there are very limited treatment options for pancreatic cancer, and the causes of poor survival of pancreatic cancer patients are still unclear. Emerging evidences suggest that a small number of cells known as cancer stem cells (CSCs) are present in tumor tissues, which may contribute to tumor development, progression, and recurrence. CSCs are those multipotent cells exhibiting self-renewal capacity, multilineage differentiation ability and high carcinogenesis, and have been identified in several types of human cancers including pancreatic cancer [2, 3] . CSCs are not only considered as tumor-initiating cells but also as cells that promote tumor development and therapy resistance.
Pancreatic Cancer Stem Cells (PCSCs) were first identified by Simeone et al. in 2007 . This small subset of cells with the CD44+CD24+ESA+ phenotype make up only 0.2%-0.8% of total pancreatic cancer cells. They obtain the stem cell properties of self-renewal, the ability to produce differentiated progeny. They also display a 100-fold enhanced tumorigenic potential compared with none triple positive cells in vivo [2] . A subpopulation of CD133+ pancreatic cancer cells were also reported to have CSCs properties and highly resistance to standard chemotherapy [3] . Growing researches indicate PCSCs play an important role in the occurrence and development of pancreatic cancer, and are the underlying cause of chemotherapy resistance and metastasis of pancreatic cancer. So PCSCs emerge as an excellent target for developing effective novel therapeutic approaches of pancreatic cancer.
The three-dimensional (3D) spatial conformation for spheroid culture is a common way to culture CSCs in vitro, because the expansion of CSCs is through the way of clonal expansion in vitro and the cell spheres are more likely to originate from individual cell clones [4] . The resulting CSCs were not only spherical in shape, but also possessed many features like that in solid tumors such as higher cell proliferation, migration and chemoresistance ability, which were not observed in normal monolayer cultures [5] . However, the common liquid suspension mammosphere culture system has been challenged because free movement of single cell can lead to non-specific cell aggregation and generate the cell spheroids [6] . Therefore, some teams tried to establish the semi-solid culture system to culture CSCs in vitro by adding collagen and so on to limit cell mobility and aggregation [7] , yet still some limitations. To better study PCSCs, it is strongly needed to establish an optimized system for PCSCs culture and enrichment.
High-throughput sequencing (HTS) has made it possible to detect the genetic variants throughout the human genome and has made a revolution in cancer research. HTS is extensively used to profile RNA transcriptome in cancer cells including CSCs [8] , which can help accurately and efficiently quantify the aberrantly expressed coding mRNAs and non-coding RNAs (miRNAs and LncRNAs). So this technology has potential for discovering novel mRNAs, miRNAs or LncRNAs and may subsequently lead to the discovery of novel cancer biomarkers and therapeutic targets. So far, there are already some miRNAs and LncRNAs that have been reported to be differentially expressed in pancreatic cancer, which contribute to the proliferation, invasion and stem cell-like phenotype of pancreatic cancer [9] . Nevertheless, key genes and specific non-coding RNAs involved in biological properties of PCSCs have yet to be fully identified.
In this study, we improved the 3D culture system of Panc-1 pancreatic cancer cell line by adding methylcellulose to create a 3D semi-solid system which prevent the non-specific aggregation. To investigate the CSCs properties of the Panc-1 spheroid cells enriched by this novel system, we examined the expression of CSCs markers and the ability of the spheroid formation, self-renewal, proliferation, metastasis, drug resistance in vitro, and the tumorigenicity in mice. We also applied HTS to generate and compare the sequencing results between PCSCs-like Panc-1 spheroid cells and their parental cells, in which we found some differentially expressed mRNAs, miRNAs and LncRNAs. Due to the limited knowledge of the Availability of data and materials All data generated or analyzed during this study have been included in this published article (for all online suppl. material, see www.karger.com/doi/10.1159/000491479) and its supplementary information files.
Cell line and monolayer culture
Pancreatic cancer cell line Panc-1 was obtained from the American Type Culture Collection (Catalog number: CRL-1469 TM ) and cultured in DMEM (Gibco) supplemented with 10% foetal bovine serum (FBS) (Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco) at 37°C under a 5% humidified CO2 atmosphere. All experiments were performed with cell cultures that were 70% confluent.
Scanning electron microscope imaging of spheroids and monolayer
For the analysis of the ultrastructure of the Panc-1 spheroid cells and monolayer parental cells, scanning electron microscope (SEM) was performed as described elsewhere [8] . The samples were examined under SEM (JSM-6400).
Sphere formation assay
The Panc-1 cells were plated in 24-well ultralow attachment plates (Corning at a density of 2300 cells/ ml in DMEM:F12 (Gibco) supplemented with 1% methylcellulose (1500cP, Sigma), 1% FBS, 20 ng/ml EGF (PeproTech), 100 ng/ml bFGF (PeproTech), 2% B27 supplement (Gibco), 1% ITS (5 mg/L insulin, 5 mg/L transferrin. 5 μg/L sodium selenite; Gibco), 100 U/ml penicillin and 100 µg/ml streptomycin (Gibco) at 37°C under a 5% humidified CO 2 atmosphere. The 11-day-old spheres were harvested using 40 mm cell strainers, dissociated to single cell with Accutase Solution (Sigma) for the following self-renewal assay. The differentiation of tumorsphere-derived cells was induced by being cultured in DMEM supplemented with 10% FBS.
Self-renewal capability assay
For 3D culture, after being cultured for 11 days, the colonies were counted and harvested. After dissolved in Accutase Solution, cells were counted and re-plated in the same condition. This process was repeated for 4 times and the sphere formation rate was counted.
Flow cytometry
To detect the PCSCs subpopulations, the following antibodies against the surface markers were used: anti-CD44-APC, anti-CD24-PE, IgG1-PE, IgG1-APC, anti-CD133 (BD), anti-ESA-PE-Cyanine7, IgG1-PECyanine7 (eBioscience). The cells were stained with the antibodies for 10 min in the dark at 4°C according to the manufacturer's protocol and analyzed with a FACS Calibur Flow Cytometer (BD). Data were analyzed with BD FACS Diva software.
RNA isolation and quantitative RT-PCR
Total RNAs were extracted using TRIZOL Reagent (Invitrogen). cDNA was synthesized using either All-In-One RT MasterMix (ABM) according to the manufacturer's protocol. Quantitative RT-PCR (qRT-PCR) 
Immunofluorescence assay
Immunofluorescence assay for CSCs markers were performed as described elsewhere [8] .The monoclonal antibodies, including anti-Sox-2, anti-Oct-4, anti-Nanog antibodies were used.
Cell proliferation assay
To analyze the ability of cell proliferation, MTT assay and plate colony assay were performed as described elsewhere [10] .
Wound healing assay
To analyze the ability of cell motility, wound healing assay was performed based on published method [11] .
Transwell invasion and transmembrane migration assay
Cell invasion assay were performed as described elsewhere [8] . For the cell transmembrane migration assay, all the steps were carried out similarly to those in the invasion assay except for the Matrigel coating.
Drug sensitivity assays
The cells were seeded in 96-well microplates at the density of 1 ×10 4 cells/well on the same growth medium based on published method [12] . Different concentrations of Doxorubicin, Gemcitabine and Oxaliplatin (0 μM to 160μM) were added 200 µL/well. After incubating for 48h, the MTT assay was performed.
In vivo xenograft experiments
Male BALB/c nude mice (4-weeks-old) were purchased from Vital River Laboratory Animal Technology Company (Beijing) and maintained in SPF level animal room. All the animal experiments were approved by the Ethics Committee of China Pharmaceutical University, Nanjing, China. Panc-1 parental and spheroid single cell suspensions (2×10 6 cells in a total volume of 200µL PBS medium with 50% Matrigel) were injected into the right axilla of mice, respectively. The tumor was measured every 4 days and its volume was calculated according to the formula. Four weeks later, all mice were sacrificed and the tumors were stripped. The tumor tissue was embedded in paraffin for hematoxylin and eosin (H&E) staining and immunohistochemical staining.
High throughput sequencing
Three batches of Panc-1 parental and spheroid samples were collected in parallel. Before the highthroughput sequencing, the three batches of each kind of sample were pooled together and mixed, then the total RNA was extracted. All sequencing and data analysis were conducted by Genergy Inc (Shanghai, China).
Statistical analysis
These above experiments were performed in triplicate, and each was repeated several times. The results are presented as the means ± SEM of at least three independent experiments. Statistical analysis was performed using student independent t-test via GraphPad Prism 5 software between experimental groups. The level of significance was set at P<0.05(**).
Results

Formation of homogeneous PCSCs-like Panc-1 spheroid cells with self-renewing capability in the modified 3D semi-solid system
To avoid the problems existing in 3D liquid system, such as non-specific cell aggregation caused by free movement of single cell and difficulty to form optimal size Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry without extracellular matrix to support spheroids growth. We optimized the medium by adding methylcellulose referring to the system established by our laboratory used to culture pancreatic progenitor cell [13] .
Methylcellulose is a kind of long-chain polysaccharides which can form compact grid in the liquid suspension medium while restrict the movement of single cells, yet soft enough to allow colony formation. By optimizing the cell concentration, we can ensure that there is no more than one cell in a grid, thus to prevent non-specific cell aggregation. We used this 3D semi-solid culture system to culture and enrich Panc-1 tumor spheroids from human pancreatic cancer cell line Panc-1 (Fig. 1A ).
When observed under bright field and SEM, the parental Panc-1 cells grew as adherent epithelial-like monolayer cells of polygonal shape with clear and sharp boundaries in between and were connected to each other through cell-cell junction (Fig.  1B) . Under 3D semi-solid culture condition, the Panc-1 cells grew into 3D non-adherent spheroids within 11days. The spheroids were mostly homogeneous in size and reached 100 to 200 μm in diameter on day 11. SEM images at 1000× magnification revealed aggregation of hundreds of cells originated from the same individual cell which constitutes the spheroidal structure. Higher magnification at 4000× further revealed that the cells in the spheroid were held together by cell-cell junctions throughout the whole structure. Presence of the micropores (arrowheads) on the interior of the spheroid might allow the diffusion of nutrients and oxygen to the inner cells. To assess its self-renewal capacity, the initially formed spheroids were harvested and dissociated into single cells and were grown in 3D semi-solid medium at a lower density of 2000 cells/well as described in the methods. In this condition, cells were grown as nonadherent 3D clusters with increasing size from day 1 to day 11 ( Fig. 1D ). The secondary spheroids were subsequently cultured up to four passages and the spheroid-forming efficiency remained relatively constant from the beginning through the end (Fig. 1C) . The capacity to form spheroids at constant efficiency through generations provided an evidence that the cells have acquired extended self-renewal ability. 
Enrichment of CD44+CD24+ESA+ and CD133+ cells in Panc-1 spheroids
Previous studies have demonstrated that both the CD44+CD24+ESA+ and the CD133+ pancreatic cancer cells showed properties of the PCSCs. Therefore, we examined the expression of these surface markers in cultured Panc-1 spheroids. We found the percentage of CD44+CD24+ESA+ cells in spheroids was 54.63%, which was significantly higher than in their parental counterparts which were 0.46% (Fig.  1E) . Similarly, the percentage of CD133+ cells in spheroids was much higher than its parental counterparts (see online suppl. material, Fig. S1 ). Beyond that, we found the percentage of cells with PCSC phenotype in Panc-1 spheroids cultured by 3D semi-solid system was much higher than in Panc-1 spheroids cultured by traditional 3D liquid suspension system ( Fig. 1E and see online suppl. material, S1). We also examined CD44, CD24, ESA and CD133 mRNA level by qRT-PCR. The expression of these surface markers in Panc-1 spheroids were significantly upregulated compared with the parental counterparts ( Fig. 2A) , coincides with the flow cytometric results.
Panc-1 spheroid cells express markers for maintaining the CSCs pluripotency
Besides CD24, CD44, CD133, and ESA, there are several other common stem cell markers have been identified as CSCs-specific markers in a variety of CSCs subpopulations, such as aldehyde dehydrogenase 1 (ALDH1), another cell surface marker, and myc-related translation/localization regulatory factor (c-Myc), homeobox protein (Nanog), sex determining region Y-box 2 (Sox-2) and octamer-binding transcription factor 4 (Oct-4), which are typical transcription factors regulating the self-renewal capacity of CSCs [14] . To determine whether the spheroids have acquired stem cell-like features, the spheroids were characterized of their expression levels of the above CSCs markers by qRT-PCR, western blotting and immunofluorescence staining. The mRNA levels of ALDH1, c-Myc, Nanog, Sox-2 and Oct-4 in Panc-1 spheroid cells are higher than in parental counterparts (Fig. 2A) . The protein levels of c-Myc, Nanog, Sox-2 and Oct-4 are also increased in Panc-1 spheroid cells (Fig. 2B) . By immunofluorescence staining, we found that in the parental cells, the vast majority showed negative staining for Nanog, Sox-2 and Oct-4 proteins, while they were positively stained within the perinuclear of the Panc-1 spheroid cells (Fig. 2C) .
In addition, the progression of EMT (epithelial mesenchymal transition) was reported more active in PCSCs [15] , so we detected the expression of E-cadherin and Vimentin which play important roles during EMT by western blotting, and the results showed that the E-cadherin was down-regulated and Vimentin was up-regulated in Panc-1 spheroid cells (Fig. 2B) .
Panc-1 spheroid cells have the potential of differentiation
CSCs have multilineage differentiation capacity like normal stem cells. So we measured the differentiation capacity of Panc-1 spheroid cells cultured by 3D semi-solid system. Panc-1 spheroids were picked at day 11 and dissociated to single cell, then were cultured in the medium supplemented 10% FBS like the parental cells. After returning to adherent culture for three generations, we observed that Panc-1 spheroid cells began to adhere to each other and acquired the epithelium-like morphology (Fig. 2D) . By qRT-PCR, we detected that most CSCs-related markers had increased in Panc-1 spheroid cells were down-regulated upon redifferentiation (Fig. 2E ). In addition, the percentage of CD44+CD24+ESA+ population and CD133+ population in Panc-1 spheroids were declined after redifferntiation ( Fig. 2F and see online suppl. material, S1). These results suggest that Panc-1 spheroid cells have differentiation potential.
Panc-1 spheroid cells obtain the potential of higher proliferation, migration and invasion
PCSCs have been reported to play pivotal roles in proliferation, metastasis and recurrence of pancreatic tumor. We first compared the proliferation capacity between dissociated cells from Panc-1 spheroids and their parental cells through MTT assay and plate colony assay. The growth curve indicated that the Panc-1 spheroid cells exhibited significantly higher proliferation rate (Fig. 3A) and the colony assay showed remarkably larger number of colonies formed by Panc-1 spheroid cells than parental cells (Fig. 3B) .
Cell motility can be used to measure the metastasis potential of tumor cells. Compared with Panc-1 parental cells, by wound healing assay and transwell assay, we found spheroid cells migrated faster to close the gap of the scratch (Fig. 3C) , and more passed through the transwell membrane (Fig. 3D ) than parental cells, suggesting a higher migratory ability of the Panc-1 spheroid cells. In addition, invasion assay was performed, compared to the parental cells, the invasiveness of spheroid cells was higher since there were more cells invaded the matrigel (Fig. 3E) . Overall, these data demonstrated that Panc-1 spheroid cells cultured by 3D semi-solid system obtained higher proliferation, migration and invasion ability than parental cells.
Panc-1 spheroid cells develop higher drug resistance to conventional chemotherapies
CSCs play a crucial role in drug resistance which leads to cancer relapse [16] . To verify whether the spheroid cells possess higher chemo-resistance ability, the sensitivity of the parental versus the spheroids to different anti-tumor drugs, gemcitabine, doxorubicin and oxaliplatin was measured. The drug treatment was carried out as described above. The results showed that the survival rates (IC50) under serially diluted drugs for Panc-1 spheroids cells were 1.9-fold, 1.5-fold, 2.8-fold for doxorubicin, gemcitabine and oxaliplatin respectively, compared to the Panc-1 parental cells (Fig. 3F) . Furthermore, we determined the expression levels of two common drug resistance genes, MDR1 and ABCG2, both of them were significantly up-regulated in Panc-1 spheroid cells (Fig. 3F) . Taken together, these results suggested the higher drug resistance of Panc-1 spheroid cells.
Panc-1 spheroid cells have higher tumorigenic potential in vivo
PCSCs with CD44/CD24/ESA or CD133 expression were both reported to exhibit increased tumorigenicity in orthotopic mouse model [2] . Because we have enriched both
CD44+CD24+ESA+ and CD133+ cells in Panc-1 spheroid cells, we speculated that Panc-1 spheroid cells should also have higher tumorigenic potential than parental cells in mice. Xenograft experiments in immunocompromised mice were performed as described above (Fig. 4A ). We observed a significant increase in the size and weight of the tumors in the Panc-1 spheroid group compared to Panc-1 parental group (Fig. 4B-E) . Besides, in mice injected with Panc-1 spheroid cells, macroscopic tumors were detected in all of the six mice, whereas tumors of much smaller size was observed in four of all the six mice injected with Panc-1 parental cells (Fig. 4F) . The results indicated that Panc-1 spheroid cells have enhanced tumorigenic potential. Furthermore, the tumor formation was confirmed with histologic analysis (Fig. 4G) . H&E staining of xenograft tissues showed a significant difference of histopathologic morphology between two groups. The pathological results of tumors formed from Panc-1 parental cells closely resembled normal pancreatic ductal epithelial tissue and have low malignancy, while the tumors formed from Panc-1 spheroid showed morphological characteristics of poorly differentiated carcinoma with high malignancy. Vacuoles were also observed because of stromal fibrosis, and more cell mitosis could be seen. We then performed immunehistochemical staining for Ki-67 as a marker to indicate the proliferative activity of tumor cells. The cell proliferation rate was increased in tumors from the group implanted with Panc-1 spheroid cells. These results clearly demonstrated that the Panc-1 spheroids cultured Fig. 5A and B, Fig. 7A ), indicating their potential roles in regulating PCSCs. Original datasets of HTS were provided see online suppl. material, in Table S1 (miRNAs) and see online suppl. material, Table S2 (mRNAs and  LncRNAs) . miRNAs function by targeting mRNAs and can serve as early diagnostic biomarker and act as tumor suppressor genes or oncogenes [10] . First, we verified top 20 upregulated and down-regulated miRNAs (see online suppl. material, Table S3 ), 19 genes showed consistent trend in the data compared to the sequencing result. Among the top 10 miRNAs that we found to be up-regulated, three miRNAs have been reported previously to be associated with pancreatic cancer such as regulating cell survival(miR148a-3p) [17] and cell migration (miR-1-3p) [18], and as diagnostic biomarkers (miR-20a-5p) [19] . Two miRNAs (miR-374a-3p, miR-340-5p) have yet to be associated with pancreatic cancer but involved in other types of cancer [20, 21] . Furthermore, of the top 10 miRNAs down-regulated in spheroids, five miRNAs (miR-486-3p, miR-134-5p, miR-320a, miR-127-3p, and miR-377-3p) have been reported previously to be related to pancreatic cancer, and three of them were found playing an important role in drug resistance (miR320a) [22] , cell proliferation (miR-377-3p) [23] , or as a tumor suppressor (miR-127-3p) [24] ,while the other two miRNAs had no further study yet. Four miRNAs, miR-370-3p, miR-185-5p, miR-193a-5p and miR-378a-3p were all associated with chemoresistance and involved in other types of cancer [25] [26] [27] [28] . While the rest haven't been researched in cancers. We also validated 8 other miRNAs in our dataset that have been reported to be regulated in pancreatic cancer [29, 30] , coincidentally, they were also regulated in Panc-1 spheroid cells (Fig. 5C ). Among them, miR-21, miR-31-3p, miR-203, miR-16 were up-regulated which were found to be engaged in regulating apoptosis (miR-21) [31] , migration and invasion (miR-31 and miR-203) [32, 33] , and diagnosis(miR-16) [34] of pancreatic cancer. On the other hand, miR-210-3p, miR-29a, miR-125b, miR-133a were down-regulated, they have been reported to be associated with pancreatic cancer such as regulating cells interaction (miR-210) [35] , as an autophagy inhibitor (miR-29a) [36] , as a tumor suppressor(miR-125b and miR-133a) [36] . However, none of the miRNAs above is well characterized in PCSCs.
Next, we validated 20 up-and down-regulated mRNAs which have been previously reported in pancreatic cancer or other types of cancer by qRT-PCR, and we found 17 of them showed consistent trend with the sequencing data (see online suppl. material, Tab. S5 and Fig. 5D ), which suggests that many genes that participate in the progression of pancreatic cancer or other cancers may also play roles in PCSCs regulation. Among up-regulated mRNA, BRSK2 (brain-selective kinase 2) was the most significantly changed. High expression of BRSK2 in pancreatic ductal adenocarcinoma (PDAC) is usually accompanied by lymphatic metastasisdistant metastasis, TNM (tumor lymph nodes metastasis) late stage as well as peri-pancreatic neural invasion [37] . TGFB1I1 (TGF-β1 induced transcript 1) is reported to contribute to malignant progression of astrocytomas by inducing EMT [38] . Interestingly, recent study demonstrated that NR5A2 (nuclear receptor 5A2) was highly expressed in Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry pancreatic cancer sphere cells, which is consistent with our sequencing results. NR5A2 inhibition could reduce sphere formation, decrease levels of CSCs markers, and inhibit EMT [39] . KLF4 (Krüppel-like factors 4) is found highly expressed in stem cells, pancreatic cancer cells and some other CSCs. It participates in stemness maintenance and facilitates the self-renewal and proliferation potential of CSCs [40] ．Among the downregulated mRNAs, WNT5B (Wnt family member 5B) was prominently decreased, which was known to play a critical role in embryonic development by regulating cell growth and differentiation. It was also found negatively related with the malignancy of liver CSCs [41] . PTPN13 (protein tyrosine phosphatase non-receptor type 13) was found down-regulated in various cancers as tumor suppressor gene and could affect the aggressiveness and susceptibility of cancer cells [42] . Our finding suggests that the significant differentially expressed genes may be involved in stemness maintenance and malignancy of PCSCs.
LncRNAs are believed to regulate gene expression through many mechanisms which have already been reported to be involved in pancreatic cancer [43] . In our study, we predicted the targets of all the LncRNAs in our high throughput sequencing according to the starBase v2.0, AnnoLnc and NONCODE. And we verified all the LncRNAs with clear potential targets by qRT-PCR (Fig. 7B and see online suppl. material, Table S6 ). The result showed that the trend of these LncRNAs about 90% consistent with the sequencing results. Among them, lncRNA MEG3 has been shown to be able to regulate cell proliferation via activation of p53 in pancreatic cancer while others haven't been studied. So far, little is known about these LncRNAs in PCSCs regulation.
GO and KEGG enrichment of target genes
Gene Ontology (GO) is a dataset to annotate the molecular function, biological processes and cellular components of the target genes that are differentially expressed. Each GO category contains many terms which represent the significantly enriched sub-categories which those differentially expressed genes distribute into. The top 10 GO terms of each category of the differentially expressed genes in Panc-1 spheroids (listed by p-value) were shown ( Fig. 6A and B, see online suppl. material, Fig. S2A ). For predicted miRNAs targets (Fig. 6A) , differentially expressed genes enriched in the molecular functions of "binding", "ion binding" and "protein binding"; the cellular components of "cell", "cell part" and "intracellular"; the biological processes of "metabolic process", "organic substance metabolic process" and "primary metabolic process". In mRNA (Fig. 6B) , differentially expressed genes were enriched in the molecular functions of "binding", "protein binding" and "protein kinase activity"; the cellular components of "cell", "cell part" and "cytoplasm" and the biological processes of cellular component organization or biogenesis", "cellular component organization" and "regulation of cell communication". For LncRNA targets, top GO terms were shown see online suppl. material, in Fig. S1A . To improve our understanding of the pathways involving the differentially expressed genes, the KEGG analysis was performed. The KEGG analysis of miRNA target genes showed that "Proteoglycans in cancer" was the most enriched pathways (Fig. 6C) . Pathways enriched the most in mRNA transcriptome were "Proteoglycans in cancer" and "ECM-receptor interaction" (Fig. 6D) . Pathways enriched in LncRNA target genes were shown see online suppl. material, in Fig. S2B .
To find the key mRNAs regulated by non-coding RNA network, we performed coexpression analysis of differentially expressed RNAs between the Panc-1 spheroid and parental cells. The intersection of significantly changed mRNAs and the potential targets of significantly changed non-coding RNAs were obtained (Fig. 7C) . Overlapped genes and the counts were listed (see online suppl. material, Table S7 ) and GO and KEGG pathways were analyzed (see online suppl. material, Fig. S2C and D) .
Discussion
Pancreatic cancer is a highly complex and aggressive malignancy with early local invasion and metastasis, and is resistant to most therapies, all of which are believed to contribute to its extremely poor prognosis. Given that PCSCs have a crucial role not only in tumor initiation and progression, but also in drug resistance and relapse or recurrence of pancreatic cancer, they emerge as an excellent target for developing effective novel therapeutic approaches.
In the present study, we aimed at identifying the crucial genes involved in the regulation of PCSCs. We first established a novel 3D semi-solid spheroids culture model of pancreatic cancer cell line, Panc-1. And we also confirmed that the Panc-1 spheroid cells possess PCSCs properties and high malignancy in vitro and in vivo. We then performed comprehensive analysis of the different RNAs transcriptomic profiles between Panc-1 parental cells by monolayer culture model and Panc-1 spheroid cells by 3D semi-solid culture model and found several mRNAs, miRNAs and LncRNAs that were differentially expressed in the Panc-1 spheroid cells. Therefore, our study could provide a ground work for the future cancer researchers to improve the diagnosis or therapy of pancreatic cancer especially in PCSCs studies.
Due to the limitation of acquisition, identification and culture of tumor-derived PCSCs, previous researches encriched PCSCs in vitro by culturing pancreatic cancer cells in liquid suspension culture system as spheroid cells [15] . However, this kind of spheroid might form cells aggregation. In our study, the application of methylcellulose allowed the single cell to form spheroids that were homogenous in origin as reported [44] . We confirmed the ultrastructure of the Panc-1 spheroids and detected strong cell-cell junction within the Panc-1 spheroids that supported its shape by SEM analysis (Fig. 1B) . We evaluated the PCSCs properties in Panc-1 spheroids cells based on their self-renewal capacity, expression of PCSCs-related markers, differentiation potential, proliferation capacity, metastasis ability and chemoresistance [45] . In our results, Panc-1 spheroid cells could form secondary spheroids and were able to be serially cultured, demonstrating that these cells preserved the ability of self-renewal and extended proliferation properties which are consistent with the previous studies [46] . Cultured PCSCs from pancreatic cancer are known to exhibit distinct cell surface antigens such as CD44, CD24, ESA and CD133 [15] . We found both CD44+CD24+ESA+ cell population and CD133+ cell population were enriched in Panc-1 spheroid cells compared with their parental. In addition, several transcription factors like Nanog, Sox-2, Oct-4 and c-Myc, which are commonly used as pluripotency-like markers of CSCs [47, 48] , were also expressed in Panc-1 spheroids. Furthermore, after culturing the cells from the spheroids back to common medium supplemented with 10% FBS, the CD44+CD24+ESA+ cell population and CD133+ cell population proportion were decreased, the cell morphology was changed, and the stemness markers were down-regulated, all of which indicated that the cells have differentiated. The proliferative ability of Panc-1 spheroid cells was detected by MTT assay and plate colony assay, and Panc-1 spheroid cells showed higher proliferation potential than their parental cells. Inappropriate activation of the EMT processes, is reported to contribute in part to the increased invasive and metastatic potential of various CSCs . Our data proved that E-cadherin was down-regulated and Vimentin was up-regulated in Panc-1 spheroid cells which indicated the activation of EMT. The wound healing and transwell assays also demonstrated Panc-1 spheroid cells had higher metastasis ability. Chemosensitivity assays showed that the cells from Panc-1 spheroids had higher drug resistance to the common chemotherapeutic drugs than that of the parental cells. In addition, the data also suggested that the Panc-1 spheroids cells displayed higher tumorigenic ability in vivo. All the results above indicated the enrichment of PCSCs-like cells in Panc-1 spheroids cultured by our novel 3D semi-solid system.
To identify the crucial genes and signaling pathways that lead to different characteristics between Panc-1 spheroid and parental cells, which may help provide new therapeutic targets for pancreatic cancer, we employed HTS technique to explore the transcriptome of Panc-1 spheroid cells. We obtained 479 significantly changed mRNAs along with 283 miRNAs, 34 LncRNAs. miRNA has been shown to be closely related to pancreatic cancer [49, 50] . The important roles of most of the miRNAs in our list is still unclear in PCSCs, while only miR-125b and miR-34a has been reported in CSCs. These remarkable changed miRNAs in our results are strong candidates to be further explored in discovering the novel regulatory mechanisms in PCSCs regulation. We also noted that among the differently expressed mRNAs, BRSK2 was up-regulated the most, which has been reported to promote cancer cells metastasis and decrease the metabolism of cancer cells to help them resist harsh environments [37] . NR5A2 and KLF4 both have been found associated with other CSCs function such as stemness maintenance, self-renewal and EMT. WNT5B was down-regulated a lot, which was involved the malignancy of liver CSCs [41] . These genes may be related to stemness maintenance and malignancy of PCSCs. It is worth noting that the surface markers of PCSCs such as CD24, CD44 and CD133 are highly expressed in Panc-1 spheroid cells, which indicates that Panc-1 spheroids are enriched of PCSCs. LncRNA is another group of non-coding RNA involved in pancreatic cancer by regulating cell metastasis, proliferation and apoptosis by different mechanisms [50] [51] [52] , which also plays an important role in CSCs [52] [53] [54] . And our profiling of PCSCs showed 34 differently expressed LncRNAs, among which, MEG3 has been shown to be able to regulate cell proliferation via activation of p53 in pancreatic cancer [53, 55] , while others have not been reported yet on cancers, but have numerous potential targets predicted by several LncRNA target-predicting programs. For the RNAs we are interested in, we may study them with further verification of their expression in tumor-derived PCSCs and spheroid cells from other pancreatic cancer cell line.
The GO terms and KEGG pathways enrichment analysis of the miRNAs and LncRNAs found in the Panc-1 spheroids revealed the functions of those RNAs in PCSCs. We note that the term "protein binding" was enriched in the molecular functions of both mRNA and miRNA. Many protein-binding molecules have been reported to be involved in different biological processes [54, 56] . In KEGG analysis of mRNA and miRNA, the "proteoglycans in cancer" pathway is the most significant. Proteoglycans have been shown to play an important role in regulating cancer progression [55, 57] . Furthermore, stemness can also be regulated by some proteoglycans [56, 58] . It is likely that PCSCs may share some common regulated pathways with other kinds of CSCs.
With limited treatment options, poor prognosis and frequent relapse of pancreatic cancer, discovery and better understanding the roles of key genes leading to PCSCs Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry maintenance and malignancy are in great need in the treatment of pancreatic cancer. In our study, we provide a novel 3D semi-solid system for culturing PCSCs-like Panc-1 which makes it possible for the study of PCSCs. Furthermore, our study is the first investigation performing comprehensive comparisons in terms of the RNAs expression in the PCSCs, which provides valuable information to improve the current understanding of the pancreatic cancer carcinogenesis mechanisms. It also provides a foundation for the development and novel discovery of molecular therapies targeting PCSCs.
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